Intense exercise induces inflammatory-like changes and oxidative stress in immune cells. Our aim was to study the effects of antioxidant diet supplementation on the neutrophil inflammatory response and on the tocopherol associated protein (TAP) expression after exhaustive exercise. Fourteen male-trained amateur runners were randomly divided in two placebo and supplemented groups. Vitamins C (152 mg/d) and E (50 mg/d) supplementation were administrated to the athletes for a month, using an almond based isotonic and energetic beverage. Non-enriched beverage was given to the placebo group. After one month, the subjects participated in a half-marathon race (21 km-run). Neutrophil TAP mRNA expression and markers of the inflammatory response were determined before, immediately after, and 3 h after finishing the half-marathon race. TAP expression increased after exercise mainly in the neutrophils of the placebo group. Exercise induced an inflammatory response in both placebo and supplemented groups, manifested with neutrophilia, increased creatine kinase and lactate dehydrogenase serum activities, neutrophil luminol chemiluminescence and myeloperoxidase release. Plasma malondialdehyde only increased in the placebo group after exercise. Diet supplementation with moderate levels of antioxidant vitamins avoids plasma damage in response to exhaustive exercise without the effects on the inflammatory process. Neutrophil degranulation and increased tocopherol associated protein could contribute to the neutrophil protection from the oxidative stress.
Introduction
Neutrophils play an important role in the defense against infections, in the inflammatory response and muscle repair [1] . Neutrophils display a respiratory burst when activated, in which large amounts of superoxide anion are produced by the enzyme complex NADPH oxidase [2] . The superoxide produced by neutrophils can be dismutated to form H 2 O 2 . Then, H 2 O 2 together with chloride are substrates for myeloperoxidase (MPO) to produce hypochlorous acid (HOCl), a strong oxidant, whose primary role is to kill the bacteria engulfed by these white blood cells [3] . However, it is also capable of oxidizing host proteins at inflammation sites, including neutrophils themselves, and has been involved in promoting tissue damage in several diseases [4, 5] .
Exercise has been shown to induce inflammatory-like changes in immune cells resembling the acute phase immune response (APIR) to infection [6] . Physical activity induces neutrophil priming for oxidative burst and activates acute phase protein release [7, 8] . An increase in MPO and lysozyme plasma concentrations has been evidenced as a result of exercise [8, 9] . Exhaustive exercise also increases the neutrophil generation of reactive oxygen species (ROS) and lipid peroxidation and induces oxidative stress [10] . As a result of exercise, creatine kinase (CK) and other molecules are released by the muscle and could act by initiating local inflammation, with a recruitment of neutrophils. Neutrophils attracted toward the damaged muscle could phagocyte cellular debris and release growth factors that recruit other inflammatory cells. These inflammatory cells are involved in removing residual cell fragments and in reconstructing the muscle fiber [1, 11] .
In order to avoid ROS damaging effects, neutrophils contain a complex network of antioxidant defense which includes both enzymatic and non-enzymatic antioxidants. Compared to other cell types, human neutrophils have an enriched complement of ascorbate which suggests that it may be especially important to antioxidant balance [12] . Vitamin E is an important lipophilic antioxidant in neutrophils to avoid lipid peroxidation and to protect membranes [13] . It has been shown that vitamins C and E may prevent the exercise-induced oxidative damage [14, 15] and may diminish the post-exercise oxidative stress [15] . Synergistic effects have been described between vitamin C and E in the defense against oxidative stress, enhancing neutrophil antioxidant defences [16, 17] . These cellular effects of antioxidant vitamins on neutrophils need to be mediated by their uptake from the plasma. Vitamin C is transported into neutrophils mainly as dehydroascorbate. Once transported, dehydroascorbate is immediately reduced in the cell to ascorbate [18] . Vitamin E uptake from plasma by neutrophils is yet unknown, but recently the expression of tocopherol associated protein (TAP) with α-tocopherol specific binding, has been elucidated in leukocytes [19, 20] This protein could participate in vitamin E transportion or accumulation into cells, as it occurs in the liver [21] . Recent studies have evidenced the function of ROS as signaling molecules, activating signaling pathways resulting in a broad array of physiological responses from cell proliferation to gene expression and apoptosis [22] [23] [24] . However, supplementation with high levels of antioxidants could inhibit ROS signaling activity [25, 26] .
In a previous study, we evidenced a differential response of vitamin E levels in the plasma and in the immune cells with physical activity and moderate antioxidant supplementation [27] . Vitamin supplementation and exercise had no effect on vitamin E levels in the plasma. However, exercise significantly increased the vitamin E content in neutrophils of the supplemented athletes enhancing their antioxidant power. Based on these results, the present study was designed to determine the influence of moderate levels of vitamins C and E supplementation on the neutrophil inflammatory response to exhaustive exercise. The influence of both exhaustive exercise and antioxidant supplementation on TAP gene expression was also determined in neutrophils.
Materials & methods

Subjects
Fourteen male trained amateur runners volunteered to take part in this study. All the subjects were informed of the purpose and the demands of the study before giving their written consent to participate. This work was in accordance with the Declaration of Helsinki and was approved by the Ethical Committee of Clinical Investigation of the CAIB (Palma de Mallorca, Balearic Islands, Spain). The participants were non-smokers and did not take any antioxidant dietary supplement for one month prior to the study. Runners' mean (± s.e.m) age was 34.5 ± 3.6 years and body mass index (BMI) was 23.1 ± 0.6 kg/m2. They trained 7.5 ± 1.3 hours each week.
Study design
Vitamin C and E supplementation was administered to the athletes for a month, using a new almond-based isotonic (278 mOsm/kg) energy beverage. In order to avoid the beverage influence, non-enriched almond-based isotonic, energy beverage was given to a placebo group. It contained 203 kJ/100 ml, 1.9% lipid, 6.8% total sugar, 1.0% protein. The non enriched almond beverage did not contain vitamin E or C (placebo group), whereas the enriched almond beverage contained 10.0 mg/100 ml vitamin E and 30.4 mg/100 ml vitamin C (supplemented group). This was a double blind study. The participants in the study were randomly allocated either in the supplemented (n=7) or in the placebo group (n=7). The subjects consumed half liter of the almond beverage daily for one month prior to the race day. After one month, subjects participated in a half marathon race (21 km-run). During the race, only water was available for consumption and till 3 hours after finishing the race, subjects were allowed to consume 500 ml of water. The athletes took a mean ± s.e.m. of 91 ± 10 min to finish the race.
Dietary intake
To ensure that the observations represent differences due to the almond beverage intake rather than to random changes -in particular dietary intake changes -the usual dietary habits of each participant were assessed using a self-reported 7-day 24-hour recall before the beginning of the study. All food items consumed were transformed into nutrients using a self-made computerized program based on the Spanish [28] and European [29] Food Composition Tables and complemented with food composition data available for Majorcan food items [30] . The daily energy intake, caloric profile, macronutrients, micronutrients, and vitamin C and E intake were measured in both the supplemented and the placebo groups.
Experimental procedure
Venous blood samples were obtained before breakfast on the day of the race after overnight fasting (pre-race), immediately after the race (post-race), and 3 h after finishing the race (3-h post-race). Plasma (EDTA as anticoagulant), serum and neutrophils were obtained following and adaptation of the method described by Boyum [31] . TAP mRNA expression and MPO activity were determined in neutrophils. MPO protein levels were determined in the plasma and the neutrophils. Neutrophil oxidative capability was determined by luminol chemiluminescence. CK and lactate dehydrogenase (LDH) were determined in serum. Neutrophil number was determined in an automatic flow cytometer analyzer Technicon H2 (Bayer) VCS system.
Serum enzyme activities
Serum CK and LDH activities were made using commercial clinical kits in an autoanalyser system (Technicon DAX System) [32, 33] .
2.6 TAP mRNA gene expression TAP mRNA expression was determined by real time RT-PCR with 18S ribosomal as the reference gene. For this purpose, mRNA was isolated from neutrophils by phenolchloroform extraction. cDNA was synthesized from 1 μg total RNA using reverse transcriptase with oligo-dT primers. Quantitative PCR was performed using the LightCycler instrument (Roche Diagnostics) with DNA-master SYBR Green I. The primers used were: TAP, forward: 5'-CAC CCC GAA ATA ACA CCT TC-3' and reverse: 5'-TCG CTC TTC CTC TGC CTA AC-3' and 18S, forward: 5'-ATG TGA AGT CAC TGT GCC AG-3' and REVERSE: 5'-GTG TAA TCC GTC TCC ACA GA-3'. The PCR conditions were as follows: TAP, 95
• C for 10 min, followed by 40 amplification cycles at 95
• C for 2.7 MPO activity and protein levels MPO activity of neutrophils was measured by guaiacol oxidation [34] . The reaction mixture contained sodium phosphate buffer (pH 7) and 13.5 mM guaiacol. The reaction was initiated by adding 300 μM H 2 O 2 , and changes at 470 nm were monitored in a Shimadzu UV-2100 spectrophotometer at 37
• C. MPO protein levels were measured in plasma and neutrophils by using an enzyme immune assay (OxisResearchTM, Bioxytech R MPO-EIA) according to the manufacturer's instructions.
Chemiluminescence assay
Opsonized zymosan (OZ) was used as a neutrophil stimulant. Zymosan A (Sigma) was suspended in Hank's balanced salt solution (HBSS) at a concentration of 1 mg/ml and incubated with 10% human serum at 37
• C for 30 min, followed by centrifugation at 750 × g, for 10 min, at 4
• C. The precipitate was washed twice in HBSS and finally resuspended in HBSS at 1 mg/ml. OZ suspension (100 μl) was added to a 96-well microplate containing 50 μl neutrophil suspension and 50 μl luminol solution (2 mM in phosphate buffer saline, pH 7.4). Chemiluminescence was measured at 37
• C for 90 min in FLx800 Microplate Fluorescence Reader (Bio-tek Instruments, Inc.). Each sample was determined in duplicate.
Plasma malondialdehyde (MDA)
Plasma MDA, as a marker of lipid peroxidation was analyzed using a colorimetric assay kit (Calbiochem, San Diego, CA, USA) following the manufacturer's instructions.
Statistical analysis
Statistical analysis was carried out using a statistical package (SPSS 12.0 for Windows).
Results are expressed as mean ± s.e.m. and P < 0.05 was considered statistically significant. The statistical significance of the data was assessed by two-way analysis of variance (ANOVA). The statistical factors analyzed were diet supplementation with vitamins C and E (S) and half marathon (E). The sets of data in which there was a significant SxE interaction were tested by the ANOVA one-way test. When significant effects of S or E factor were found, a Student's t-test for unpaired data was used to determine the differences between the groups involved. Student's t-test for paired data was also used to determine the significance of changes in TAP expression.
Results
The anthropometric characteristics, daily food intake, caloric profile, macronutrients, micronutrients, and vitamin C and E intake were measured in both supplemented and placebo groups (Table 1) . No significant differences between placebo and supplemented group were observed in any parameter, with the exception of vitamins C and E comsumption, which were higher in the supplemented group than the placebo group as result of the beverage intake. Total antioxidant vitamin intake in the supplemented group was 60.0 ± 1 mg/day for vitamin E and 278 ± 27 mg/day for vitamin C, whereas in the placebo group, vitamin E intake was 14.8 ± 1.2 mg/day and vitamin C was 162 ± 29 mg/day. Table 1 Anthropometric characteristics, daily energy intake, caloric profile and antioxidant vitamins intake. Table 2 shows the changes in the neutrophil number, CK and LDH activities. Intense exercise significantly changed these parameters but no antioxidant effects were evidenced. Neutrophil counts increased significantly (2-fold) after exercise and continued increasing after 3 h recovery reaching 4 times the basal counts in both groups. Serum CK activity increased after 3 hours of recovery in both groups, duplicating the basal values. Serum LDH activity increased significantly (33%) immediately after the half marathon and returned to basal levels after recovery in both groups.
Plasma MDA concentration ( Figure 1 ) was influenced both by diet supplementation and exercise. Plasma MDA increased 2-fold only in the placebo group after exercise and returned to basal values during recovery, while the supplemented group maintained the basal values similar to the placebo in all situations. Neutrophil MDA concentration was unchanged as results of diet supplementation and exercise (data not shown). Effects of semi-marathon and antioxidant diet supplementation on neutrophil number, CPK and LDH determined before the race (pre-race), immediately after the race (post-race), and 3 h after finishing the race (3-h post-race). Significant effects of supplementation (S) or exercise (E) or interaction of supplementation and exercise (S*E) are indicated (two-way ANOVA). (*) Indicates significant differences respect pre-race values, and (&) indicates significant differences between 3-h post-race and post-race, p<0.05. Values are means ± SEM, n=7. Table 2 Neutrophil number, CPK and LDH activities. Plasma MPO concentration significantly changed as a result of exercise (Table 3) , rising in both groups. This response was faster in the supplemented group compared to the placebo group. Plasma MPO levels in the supplemented group were three times higher immediately after exercise than the basal ones, whereas the increase in the placebo group appeared after 3 hours recovery. Neutrophil MPO levels changed in an opposite way compared to the plasma as a result of exercise decreasing after the half-marathon in both placebo and supplemented groups. This drop in MPO levels was also faster in the supplemented group than in the placebo one, as evidenced by the significantly lower values in the supplemented group compared to the placebo group immediately after exercise. Neutrophil MPO activity was also affected by exercise increasing immediately after exercise and returning to basal levels during recovery in the placebo group. In the supplemented group maintained the basal values immediately after exercise and decreased during recovery. The different trends between MPO levels and activity were reflected in the MPO specific activity. The specific activity significantly rose in both groups after recovery. Effects of semi-marathon and antioxidant diet supplementation on MPO activity and concentration determined before the race (pre-race), immediately after the race (post-race), and 3 h after finishing the race (3-h post-race). Significant effects of exercise (E) or supplementation (S) or interaction of exercise and supplementation (S*E) are indicated (two-way ANOVA). (*) Indicates significant differences respect pre-race values, and (&) indicates significant differences between 3-h post-race and post-race, p<0.05. Values are means ± SEM, n=7. Table 3 MPO activity, protein levels and specific activity.
Exercise changed neutrophil ROS production when activated with opsonized zymosan (Table 4 ). Luminol chemiluminescence produced by activated neutrophils rose in both the supplemented and the placebo groups after exercise dropping in both groups to below basal levels later on. No differences were observed between either groups during the time necessary to attain the maximal chemiluminescence.
Exercise stimulated TAP expression in neutrophils, as revealed by the Real Time PCR assay (Figure 2) . TAP mRNA levels rose in both groups after the half marathon and remained high during recovery. However, the response in the placebo group was more intense than in the supplemented group. After the half marathon, the neutrophil TAP mRNA levels in the placebo group were significantly higher than in the supplemented one. Effects of semi-marathon and antioxidant diet supplementation on neutrophil oxidative capability and on the time of maximum chemiluminescence determined before the race (pre-race), immediately after the race (post-race), and 3 h after finishing the race (3-h post-race). Significant effects of exercise (E) or supplementation (S) or interaction of exercise and supplementation (S*E) are indicated (two-way ANOVA). (*) Indicates significant differences respect pre-race values, and (&) indicates significant differences between 3-h post-race and post-race, p<0.05. Values are means ± SEM, n=7. Table 4 Neutrophil luminol chemiluminescence.
Fig. 2
Effects of semi-marathon and antioxidant diet supplementation on the neutrophil TAP mRNA gene expression. Samples were obtained before the race (pre-race), immediately after the race (post-race), and 3 h after finishing the race (3-h post-race). (*) Indicates significant differences respect basal values. (#) Indicates significant differences between placebo and supplemented groups, Students's t−test for the paired data (p < 0.05). Placebo mRNA levels at the pre-race point were arbitrarily referred to as 1. Values represent the supplemented (black) and the placebo (white) groups. Bars represent means ± SEM, n=7 for each group.
Discussion
The similar dietary habits of the runners in the supplemented and the placebo groups allowed us to study the specific effects of vitamins C and E diet supplementation. Vitamin E intake in the placebo group was in the range of recommended dietary intakes (RDI), while vitamin C intake in placebo was about 2.5 times higher than the RDI [35] The differences in antioxidant vitamin intake had no effect on the basal plasma vitamin C and vitamin E levels in spite of the diet supplementation for 30 days [27] . Antioxidant vitamin plasma levels are the most used parameters to determine their nutritional status. However, leukocytes, like neutrophils, are believed to better reflect tissue concentrations of ascorbate and vitamin E content [36] .
Intense exercise induces the degranulation of neutrophils, which leads to an increase of the plasma concentration of marker neutrophil enzymes (elastase and MPO) [8] The increase in circulating neutrophils, and plasma MPO concentration after the half marathon, reflect neutrophil mobilization and priming for oxidative activity due to intense exercise. The demargination and degranulation stimulus might be related to the action of hormones such as catecholamines or glucocorticoids [37, 38] . Increased activities of CK and LDH in serum after exercise could act as signals, attracting neutrophils to the damaged muscle and initiating the inflammatory response. The maintenance of high CK activities after recovery could be an indicator of muscle repair with neutrophil participation [14] . The APIR induced by the half marathon is not influenced by the antioxidant diet supplementation in accordance with other authors [39, 40] Plasma is susceptible to suffering from oxidative damage after exhaustive exercise, increasing lipid peroxidation [41, 42] . Several studies have evidenced that vitamin C and, especially, vitamin E supplementation reduces the increased rate of lipid peroxidation induced by exercise [13, 14] . In our study, increased plasma MDA levels are only observed after exercise in the placebo group, but not in the supplemented one. However, the plasma MDA levels return to basal values during recovery. It is suggested that the elevation in MDA may result from initial ROS generation due to increased mitochondrial oxygen consumption during exercise. Neutrophil MDA remained unchanged in all situations suggesting that neutrophils are well protected against exercise-induced oxidative stress.
Neutrophils obtained immediately after exercise increased the luminal chemiluminescence when they were activated with opsonized zymosan. However, this chemiluminescence production seems to be inhibited after 3 hours recovery. The chemiluminescence assay measures the reaction between luminol and HOCl. The rise in chemiluminescence after exercise could be attributed to an increase in HOCl production by MPO when neutrophils are activated. It has been pointed out in in vitro studies that the maximal chemiluminescence intensity produced by MPO in a system with H 2 O 2 and tyrosine increased linearly with increasing H 2 O 2 concentrations [43] . The excess of ROS induced by the half-marathon could activate MPO in both groups, because it has been evidenced that H 2 O 2 is an activator of peroxidases [44, 45] The excess in ROS produced by the exercise-activated neutrophils could act by inhibiting the neutrophil inflammatory response in order to avoid oxidative damage and could inhibit MPO synthesis de novo [46] . The drop in neutrophil MPO levels during recovery, probably by the activation of the degranulation process, could explain the decrease in HOCl production. The decrease in neutrophil MPO concentration after exercise is accompained by an increase in plasma MPO. Changes in plasma MPO concentration seems to depend on exercise intensity [47] . Secreted MPO is also rapidly deactivated in plasma, losing its catalytic activity. MPO re-lease by degranulation may be a strategy for neutrophils in order to avoid auto-damaging effects during the APIR.
We have evidenced that after endurance exercise, neutrophils increased their vitamin E contents, especially in supplemented subjects [27] . Neutrophil vitamin E availability could be necessary to protect primed neutrophils after exercise. Vitamin E uptake from plasma by neutrophils is currently unknown. A binding protein -tocopherol transfer protein (αTTP) -is needed for tocopherol transfer from chylomicrons via liver into the plasma [21, 48] . Furthermore, due to tocopherol strong hydrophobicity, transfer to cellular sites requires a specific protein, but it is still unclear which mechanisms regulate tocopherol transfer within peripheral cells [49] . TAP displays substantial protein sequence homology to αTTP and is ubiquitously expressed [48] . TAP mRNA was present in neutrophils and could participate in the transport of αtocopherol into the neutrophil. It has been evidenced that TAP can facilitate vitamin E uptake and retention in prostate cancer cells and promote vitamin E antiproliferation effect [50] TAP mRNA expression seems to be enhanced by physical stress, as evidenced with the higher expression found both in the placebo and the supplemented groups after exercise. However, TAP mRNA expression is higher in placebo than in supplemented group, indicating that this protein probably responds to oxidative stress. H2O2 and other ROS have been reported to be able to activate the expression of several proteins in immune cells [24, 51] .
In summary, supplementation with antioxidants reduced the plasma oxidative damage induced by the half-marathon. Exhaustive exercise increased TAP gene expression in neutrophils in order to increase the vitamin E uptake. Neutrophil degranulation and MPO release could contribute to neutrophil protection against exercise-induced oxidative stress. Moderate supplementation seems not to inhibit the adaptive response of neutrophils to exercise and protect plasma from oxidative damage. Finally, no effects were observed on the inflammatory processes or on the muscle repair markers, suggesting that the exerciseinduced inflammatory changes are not initiated by ROS.
